Aquic conditions performed for paddy cultivation may cause many nutritional problems. Clay mineralogical composition plays an important role in this relation by affecting many physico-chemical and biological characteristics of soils. Three forms of K including unavailable, slowly available and readily available K, exist in equilibrium in the soil system. Relationships between soil potassium forms with the clay mineralogical suite and physico-chemical properties were determined in 33 soil samples collected from five from paddy soils, two from kiwi fruit and one from citrus land pedons in the North of Iran. Mineralogical analyses showed that smectite, illite and vermiculite were the most abundant clay minerals in the studied soils. Mean soluble and exchangeable potassium in paddy soils were rather low compared to non-paddy soils due to potassium fertilization in non-paddy soils. Non-exchangeable potassium in the samples containing smectite as dominant clay mineral was lower than the samples dominated by vermiculite, hydroxy-interlayer vermiculite (HIV) and illite. Inability of the studied soils for potassium fixation was related to prevailed montmorillonitic type of smectite, which its layer charge originates from octahedral sheet. Significant correlations (0.56 ** , 0.54 ** , 0.56 ** ) were obtained between exchangeable potassium and clay content, organic carbon and cation exchange capacity respectively. Therefore, taking into account both exchangeable and non-exchangeable K beside clay mineralogy and physico-chemical properties gives better indications for K potential and soil-quality management, compared to exchangeable form of K alone.
Introduction
Longtime ponding of soil in the wake of rice growing and the resulting oxygen-free environment finally cause aquic soil moisture regimes or aquic soil conditions. These affect soil quality, plant growth and desired conditions for other soil living organisms (Soil Survey Staff, 2010) .
Worldwide, the total rice cultivated area covers approximately 150 million hectares, of which approximately 90% are situated in Asia (Witt and Haefele, 2005) . Climate and landforms are the two determinants factors for a subsequent strongly biased distribution of paddy lands and their fertility (Kyuma, 2004) . The subsoil, in well drained soils containing a perched water table over an impermeable layer near surface, such as the plow pan in rice fields can be aerobic; while in the throughout poorly drained soils, the subsoil is normally anaerobic. The subsoil may provide significant quantities of nutrients to plants growing in the soil if their roots can reach there (Witt and Haefele, 2005) . Rice cultivation has great importance in the North of Iran, especially in Mazandaran and Guilan provinces which comprise 78 % of rice cultivation extent and yield of the whole country (Rahimi Petroudi et al., 2011) .
Potassium is an essential and major nutrient for crop production (Alfaro et al., 2003; Zhang et al., 2011) . Presently, paddy farmers either do not use K fertilizer or the used amount is insufficient to balance K removal with grain and straw (Witt and Haefele, 2005) . Soil potassium is classified to three forms according to its availability: unavailable, slowly available and readily available or exchangeable (Sharpley, 1989; Bhonsle et al., 1992) . Unavailable form comprises approximately 90-98% of total soil K (Sparks, 1987) . Slowly available (non-exchangeable) K, is a form K that has trapped between the layers or sheets of certain kinds of clay minerals and plants can use only very little of it during a single growing season.
The major sources of non-exchangeable K in soils are K-rich 2:1 clay minerals such as illites and vermiculites (Sparks, 1987; Moritsuka et al., 2004; Britzke et al., 2012) . Depending on their weathering stage and source of electrical charge; K release from the interlayer space of such minerals is very slow, (Barré et al., 2007) .
The release of K from clay minerals is influenced by particle size distribution and chemical composition (Huang, 2005) . Different articles have reported that plants can take up both exchangeable and nonexchangeable forms of potassium (Ghosh and Singh, 2001; Towfighi, 1998) . Readily available potassium is a dissolved form of K (water-soluble) or K held on the outer surface of clay particles (exchangeable K).
Plants can take up both exchangeable and non-exchangeable forms of potassium. Bhonsle et al. (1992) suggested that fixed or non-exchangeable forms of K can even be the main source of potassium for plants.
Minerals' K release to soluble and exchangeable forms and its adsorption by exchange sites depends on the equilibrium between different phases of soil K, which may be affected by such factors as root uptake, applied fertilizer K, soil moisture, soil pH and soil temperature (Zhang et al., 2011; Britzke et al., 2012) .
The relationship between clay mineralogy composition and potassium forms and physico-chemical properties has been demonstrated by several studies (Sharply, 1989; Bhonsle et al., 1992; Ghosh and Singh, 2001; Surapaneni et al., 2002; Srinivasarao Journal of Soil Science and Plant Nutrition 2012, 12 (4), 747-761
Effects of clay mineralogy and soil properties on K availability 749 et al., 2006) . Relationships between clay mineralogy and potassium forms can be used in evaluating potential soil K fertility, prediction of K cycling and plant uptake (Sharply, 1989) . Information on the NH 4 OAc-K form of potassium (i.e. soluble and exchangeable K) along with knowledge of mineralogical clay composition can provide insights into the equilibrium and release of non-exchangeable K to plants and the need for K fertilizers (Bhonsle et al., 1992) .
Soils with high content of 2:1 clay minerals (micas, vermiculite and high-layer-charge smectite) contain larger amounts of non-exchangeable K than those with kaolinite and other siliceous minerals (Sharply, 1989; Ghosh and Singh, 2001) . Bhonsle et al. (1992) stated that while kaolinitic soils had low levels of NH 4 OAc-K, mixed and illitic soils had medium levels and smectitic soils had high levels; their estimates for HNO 3 -K (non-exchangeable K) showed that kaolinitic, mixed and smectitic soils had low, and illitic soils had high levels. Their study set out the proportion of NH 4 OAc-K to HNO 3 -K in the sequence smectitic > kaolinitic > mixed > illitic. Sharpley (1989) stated that determining both exchangeable and non-exchangeable K could give a better indication of a soil's potential K-supplying power than only of exchangeable form.
There is no report on the clay mineralogy and K status of the land used for different agricultural purposes in northern Iran (although, Towfighi (1998) estimated that available K in more than 100,000 ha of Iranian paddy soils varies between lower-than-critical to moderate). Taking into account that K is an essential plant nutrient especially for rice cultivation. Increasing K deficiency due to longtime cultivation without its supplying has been reported for paddy soils around the world. Therefore, the objectives of the present study are: (1) to compare different forms of potassium (soluble K, exchangeable K and non-exchangeable K) in paddy soils and non-paddy soils, and (2) to compare the relationships between forms of K with physicochemical properties and clay mineralogy in paddy soils, and soils under citrus and kiwi fruit cultivation.
Materials and Methods

Study Region and Field Sampling
This study examined paddy and non-paddy soils (about 10 ha) obtained from the Rice Research Institute of Iran (36º51΄53΄΄ to 36º51΄48΄΄ northern latitudes and 50º46΄56΄΄ to 50º46΄44΄΄ eastern longitudes, 20 m below sea level) ( Figure 1 ). Mean annual precipitation in this region is 1253 mm, and mean annual air temperature is 15.8 ºC. Soil moisture and temperature regimes, calculated according to the Newhall Simulation Model (Newhall and Berdanier, 1996) , were udic and thermic, respectively. Three adjacent land uses, including paddy, kiwi fruit and citrus were selected. The selected area has high water table (depth< 50 cm) in most parts and also is waterlogged in the paddy cultivated pedons.
Thus it has specific conditions with underneath and surface saturation. Eight pedons in total were dug, described and sampled according to the field book for describing and sampling soils, and were classified according 
Physico-Chemical Analysis
All analyses were performed on air-dried soil samples passed through a 2 mm sieve (Pansu and Gautheyrou, 2006) . The samples' physico-chemical and mineralogical characteristics were analyzed according to standard methods (Kunze and Dixon, 1986) . pH sp was determined using a electrical pH meter applied to saturated soil paste using deionised water. Electrical conductivity (EC se ) was measured in the soil saturated extract (Carter and Gregorich, 2008) . Particle-size distribution (PSD) was measured by the hydrometer method. Organic carbon (OC) was determined using wet oxidation (Pansu and Gautheyrou, 2006) . Cation exchange capacity (CEC) was determined by the ammonium acetate method (pH=7) (Carter and Gregorich, 2008) . Calcium carbonate equivalent (CCE) was determined for some soil samples by acid neutralization (Carter and Gregorich, 2008) . Water soluble K was measured in the saturated extract using flame photometer. Exchangeable potassium was determined by shaking 2.5 g air-dried soil with 50 mL of 1 M NH 4 OAc solution (pH=7) (Knudsen et al., 1996) .
Non-exchangeable potassium was determined by heating 10 g of soil with 25 mL of 1 M HNO 3 solution in an oil bath (113 ºC) for 25 minutes and subtracting the sum of soluble and exchangeable forms (Pratt, 1965) .
The extracts' Κ concentrations were determined by flame photometry.
Mineralogical Analysis
Clay mineralogical studies were performed by removing soluble salts and gypsum by washing out (Konse and Rich, 1959) , carbonates by neutralization with sodium acetate (pH=5) (Grossman and Millet, 1961) , organic materials by oxidation with H 2 O 2 (Konse and Rich, 1959) and ferrous oxides by citrate dithionate bicarbonate (Mehra and Jackson, 1960) . Clay fraction was separated by sedimenta-tion and saturated with Mg 2+ and K + ions using 1 M MgCl 2 and KCl solutions. Mineralogical composition was determined by X-ray diffraction using a Siemens D5000 diffractometer via CuKα (λ=1.5409 Å) and 30 kV voltage and 30 mA. Clay mineralogical composition was determined using the intensity and position of the X-ray diffractogram peaks, considering clay apparent CEC (CEC/Clay %).
Considering an average of 200 cmol + kg -1 CEC for soil organic matter and multiplying it by organic matter content the apparent clay CEC was obtained from subtracting organic matter CEC from measured CEC. The ratio of CEC by ammonium acetate at pH 7 to clay percent can be used to estimate clay mineralogy and clay dispersion. If the ratio is multiplied by 100, the product is cmol + kg -1 clay. The following ratios are typical for the following classes of clay mineralogy: less than 0.2, kaolinitic; 0.2-0.3, kaolinitic or mixed; 0.3-0.5, mixed or illitic; 0.5-0.7, mixed or smectitic; and more than 0.7, smectitic (Soil Survey Staff, 2010).
Statistical Analysis
Statistical analysis was performed using SPSS 17.0 software to examine the correlations between the results and their dependency.
Results
The paddy soils showed very distinct morphological, physical and chemical properties from those of nonpaddy soils. Table 1 and Table 2 shows some morphological and physico-chemical characteristics of the studied pedons, including pH, EC, CEC, OC, PSD and different forms of potassium. Result showed that pH sp varies between 7.8 and 8.3 for paddy soils, and between 7.3 and 8.4 for non-paddy soils (Table 2) Table 2 ). The highest water-soluble K content was observed in the citrus pedons (17.9 mg kg -1 ), followed by kiwi fruit (10.5 mg kg -1 ) and paddy soils (3.1 mg kg -1 ). In contrast, the highest content of exchangeable K was observed in the kiwi-fruit pedons (165 mg kg -1 ), followed by citrus (121 mg kg -1 ) and paddy soil (82 mg kg -1 ). For non-exchangeable K, the paddy soil pedon had the highest value (697 mg kg -1 ), followed by citrus (642 mg kg -1 ) and kiwi fruit (281 mg kg -1 ) ( Table 2) . 
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The mineral composition of studied soils is shown by the X-ray diffractograms of the clay fraction ( Figure   2 and Table 3 cerol solvated treatment also indicated the presence of some expandable clay minerals (smectites) (Figure 2A and B). A shifting of the 1.4 nm peak towards 1.1-1.3 nm in KT treatment showed the presence of hydroxyinterlayered minerals. Vermiculite, smectite and vermiculite, hydroxy-interlayered vermiculite were the most prevailing clay minerals in citrus, paddy and kiwi fruit pedons, respectively (Table 3) . Differences in clay mineralogical suites were most probably related to land management, parent materials (lacustrine deposits under citrus and fine to coarse layered alluvium under paddy and kiwi pedons) and soil-drainage conditions (by controlling the stability of minerals). 
Discussion
Clay mineralogy is probably more influenced by aquic and anthraquic conditions. Also, there are some indications that aquic and anthraquic conditions may affect on quantity of clay minerals, as shown by higher smectite in poorly drained soils. Clay minerals transformations are strongly dependent on K amounts in soil and also the dynamics either causing release or removal of K to or from the soil. Mineralogical results indicated that smectite was the most dominant mineral in the studied paddy soils whereas in non-paddy soils with moderately drainage conditions, smectite content decreased and vermiculite content increased. In non-paddy soils, potassium fertilization and irrigation during the growing season moves potassium to the deeper soil (below 12 cm) and causes changes in clay minerals from smectite to vermiculite. Liu et al. (2007) (Liu et al., 2007; Zhang et al., 2011) .
The exchangeable and non-exchangeable potassium in the surface layers of the citrus pedons were higher than that in the subsurface layers due to more suitable thermal and moisture status preconditioned for mica and feldspar weathering ( Figure 3A ). K does not leach from clayey and silty soils, but the sandy soil used for citrus is not able to hold high amounts of exchangeable and non-exchangeable potassium. Nabiollahy et al. (2006) reported that mineral K and HNO3-extractable K in the soils containing less illite (10-30%) were significantly different from those with more illite (30-50%).
Besides the clay content, K-bearing minerals and clay mineralogy may play a more important role in determining a soil's extractable K status. For example, the clay contents in pedon 1 (citrus) were relatively low, and their dominant clay mineral was vermiculite, whereas the measured exchangeable and non-exchangeable K was medium and high (Towfighi, 1998) , respectively (Table 2) . Wedge zones or specific K-adsorption sites in vermiculite may have caused these results (Barré et al., 2007) . Plant-available potassium (soluble K) and exchangeable potassium in the studied soils were very low (Table 2) . Mean soluble and exchangeable potassium in paddy soil samples were lower than in kiwi and citrus soil samples. Smectite was the most prevalent mineral in the paddy soils; this may be the main reason for their less available K forms compared to other land uses. K uptake decreases as soil moisture content increases to saturation. Shahbazi and Towfighi (2006) showed that exchangeable K decreases with increasing soil-saturation time.
Results in this study showed that in soil samples In general, paddy soils' mean non-exchangeable potassium content was between moderately low and low (according to classification by Towfighi, 1998) . This may be attributed to the prevalence of smectite, which can cause these soils to be rich in exchangeable potassium, yet moderately poor in HNO 3 -K concentration. Years of cultivation without the use of potassium fertilizers (100-150 kg h -1 for local rice) have led to a drastic decrease in exchangeable potassium, followed by a decrease in non-exchangeable potassium in paddy soils.
Conclusion
Exchangeable K (NH 4 OAc-extractable K) is used as an indicator for the availability of potassium in soils, but it does not give similar trends in all mineralogical suites. A combination of both NH 4 OAc-K and HNO 3 -K (non-exchangeable K) gives a more applicable index for smectitic, illitic and vermiculitic soils.
This study found that while smectitic soils are rich in NH 4 OAc-K, they have modest amounts of HNO 3 -K, with moderate K release rates. On the other hand, illitic soils have only modest amounts of NH 4 OAc-K with high amounts of HNO 3 -K, and high rates of K release. Accordingly, shallow smectitic soils could experience K exhaustion and the need for K fertilization more than illitic soils. Non-exchangeable K plays a significant role in supplying available K, particularly in soils containing K-bearing minerals. Therefore determination of both exchangeable and non-exchangeable K gives a better indication of the K potential and management for rice production in paddy soils than single determination. Hence, clay mineralogy should be considered as a main determinant in paddy soils' nutrient status. To improve rice production and potassium reserves in these paddy soils precise potassium management is required. As the main conclusion, potassium status of the soils is greatly influenced by the type of clay minerals and their abundance in soils or in parent rock and some physico-chemical properties such as clay content, organic carbon, cation exchange capacity. So, for better understanding of the relationship between clay mineralogy and different forms of potassium, studying the processes and mechanisms of potassium absorption and release is essential to achieve sustainable agriculture and increase the efficiency of crop production.
